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Introduction
Most environmental events occur cyclically, with different periodicities (annual, monthly and daily), influencing biological rhythms. The lunar cycles act through two different pathways: the tides and moonlight. This interacts with daily and seasonal environmental changes influencing several aspects of physiology and behaviour in mammals, birds and fish (Leatherland et al., 1992; Zimecki, 2006) . For example, in the case of fish, the genus Siganus sp. shows evidence of a relationship between reproduction and environmental changes induced by the moon, with peaks of spawning and sex steroids, occurring once a month at a species-specific lunar phase (Takemura et al., 2004a) .
Light is an important synchronizer of biological rhythms (Aschoff 1981) . In vertebrates, photoperiod is transduced by the pineal organ into a melatonin rhythm. The duration of the nocturnal rise of melatonin is photoperiod-dependent, while the amplitude of elevation is lower in a dim illuminated (full moon) than in a dark night (new moon), thus providing the animal with daily, seasonal and lunar information (Reiter, 1993) . In fish the pineal organ and its hormone melatonin are likely to be the mediators between environmental cycles and reproduction rhythms (Amano et al., 2000; Bayarri et al., 2004b; Bromage et al., 2001) . Melatonin is thought to act on the hypothalamic-pituitary-gonad axis, controlling reproduction timing and the production of sex steroids in the gonads. However, the exact role of melatonin regulation is yet unknown (Falcón et al., 2007) .
Senegal sole (Solea senegalensis) is a species with nocturnal rhythms of behaviour, melatonin and spawning (Bayarri et al., 2004a; Oliveira et al., 2009b) . This species also showed seasonal periodicity in their melatonin rhythms, with water temperature modulating the amplitude of the rhythm , and
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5 reproduction rhythms, with spawning, vitellogenin and sex steroids having a peak in spring (Anguis and Cañavate 2005; Gúzman et al., 2008) . In addition, this species is very sensitive to artificial light at night, as a 1 hour light pulse of approximately 1 lux reduced melatonin titres to daytime values . Furthermore, the Senegal sole pineal is hypertrophied and shows a marked asymmetry in its position, reflecting an adaptation to the demersal life of this flatfish (Confente et al., 2008) . This high sensitivity of Senegal sole to light can be useful for the detection of moonlight, possibly enabling synchronization to the lunar light cycle. Indeed, lunar rhythms of behaviour (Vinagre et al., 2006) and spawning (Oliveira et al., 2009b) have been observed in this species. The effect of natural outdoor moonlight on melatonin production, however, remains unknown.
The objective was to study light perception of the lunar cycle and its transduction into a melatonin signal by Senegal sole. To this end, we investigated the influence of nocturnal illumination in Senegal sole kept outdoor submitted to a natural moon light cycle, or kept indoor exposed to an artificial light cycle, mimicking the lunar phases (full moon vs. new moon). Furthermore, vitellogenin and sex steroids (estradiol, testosterone and 11keto-testosterone) were also determined in order to investigate the effects of the lunar cycle on the regulation of reproduction.
Material and Methods

Animals and facilities
The Senegal sole used for experiment 1 were spawned from wild broodstock (F1 generation) and reared in captivity in a research centre in the north of Spain (Instituto Español de Oceanografía -Planta de Cultivos EL BOCAL, Santander, Spain). Fish of three or more years of age were transferred to IRTA Sant Carles de la Rapita Dry diet was fed at 0.5 % biomass daily and wet diet was fed at 0.8 % biomass daily.
For experiment two, we used a group of 118 wild broodstock that had been kept for over 3 years in 18,000 L outdoor tanks with 1.2 m deep in the facilities of the Aquaculture Research Centre IPIMAR (37°1'59.72"N, 7°49'12.12"W, Olhão, Portugal).
The 16 individuals used in this experiment had a mean body weight of 1742 ± 423 g and mean total length of 53 ± 4 cm. The sex ratio was 1:1. The lighting conditions were natural (photoperiod and lunar cycle) and food was provided daily in the form of polychaetes, mussels and squid.
In both facilities, the water in the tanks showed very low turbidity, and tanks were supplied with continuous aeration and water exchange in excess of 600% daily.
Each fish was identified with an internal passive integrated transponder (PIT) tag (ID-100 TROVAN UNIQUE 12 mm tags, Zeus Euroinversiones, Madrid, Spain). Handling of the fish was in accordance with the European Union Directive (EEC, 1986) for the protection of animals used for experimental and other scientific purposes.
Experimental design Experiment 1: Influence of the lunar cycle on melatonin rhythms
The two outdoor tanks (exposed to natural moon light) were placed away from To artificially simulate a lunar cycle, the indoor group of Senegal sole was used.
Fish were reared under natural photoperiod (produced with artificial light, and simulating dawn/dusk), and one was illuminated with a dim artificial light during the entire dark phase (0.3 lux), mimicking moonlight in the nights corresponding to full moon, and the other was covered with a light proof cover, to give complete darkness
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8 during all nights. To avoid changing the spectral composition of light while reducing light intensity, the fluorescent tube (GRO-LUX, 40 W, Germany) was covered with aluminium foil in which holes were made until the desired light intensity was reached.
The fluorescent tube was 1.25 m long, which approached the diameter of the tank and provided uniform illumination. Water temperature naturally oscillated between 11 and 18ºC and maximum light intensity reaching the water surface during the day was around 200 and 25 lux, respectively for the night illuminated and covered tank. During the nights when full moon was mimicked, the light intensity reaching the surface of the water had a mean value of 0.35 lux in the illuminated tank and 0.01 lux in the covered tank.
Sampling was performed over two complete lunar cycles. To avoid the effect of cloud cover, samplings during full moon were performed on cloudless nights. In each full / new moon, blood samples were taken in mid-dark (MD) and in mid-light (ML) from all tanks (n=8 and n=6 in each sampling, respectively for outdoor and indoor groups). Before sampling, each fish was anesthetized in 0.25 ppt 2-phenoxyethanol (Sigma, Spain), and then blood samples (~1 ml) were obtained with heparinized syringe, by caudal puncture. MD samplings were carried out under the moonlight, in full moon nights, while during new moon a dim red light, known not to be perceived by Senegal sole , was used and fish heads were covered with aluminium foil. For ML samplings the light was sunlight. Blood was transferred to heparinised eppendorf tubes on ice until plasma was separated by centrifugation at 4 o C.
Plasma samples were stored at -80ºC until the melatonin levels were measured.
Melatonin levels in plasma samples were measured by a Radioimunoassay commercial Kit (Melatonin Direct RIA, Biosource, Belgium), with a lower limit of quantification (LLOQ) of 2 pg/ml, as described by Oliveira et al., (2007) .
Experiment 2: Influence of the lunar cycle on vitellogenin and sex steroids rhythms
To investigate the influence of the lunar cycle on the rhythms of vtg, E 2 and T in females, and 11kt and T in males, Senegal sole from the wild broodstock of Aquaculture Research Centre IPIMAR were used. Sampling was performed during the reproductive season, in spring. Light intensity at the surface of the water was 0. 2 and 0.01 lux during the full and new moon, respectively. During the day, the maximum light intensity reaching the water surface was 1500 lux. Fish were blood sampled during full moon (20 April) and new moon (5 May) nights, at MD, and the procedure was similar to that described above (n=8 for females and n=8 for males). Blood was transferred to heparinised eppendorf tubes with 10 µl of aprotinin prior to centrifugation, and plasma samples were stored at -20ºC until vtg and sex steroids analysis. In order to assess the plasma concentrations of vtg, T and E 2 in females, and T and 11kt in males, samples were analysed in the facilities of the Institute of Aquaculture of Torre la Sal (IATS) (Castellón, Spain), by enzyme-linked immunosorbent assay (ELISA) using protocols previously validated for Senegal sole plasma samples (Guzmán et al., 2005 (Guzmán et al., , 2008 .
Statistical Analysis
To determine the existence of differences between different groups, mean melatonin levels were subjected to one-way ANOVA, followed by Duncan's post hoc test (with a degree of significance of p < 0.05). Differences in vitellogenin and sex steroid levels between moon phases were compared using a Student's t test (with a degree of significance of p < 0.01).
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
10 3. Results
Experiment 1: Influence of the lunar cycle on melatonin rhythms
Daily rhythms of plasma melatonin during full moon
In the outdoor group, a similar pattern of plasma melatonin concentrations was observed during both full moon nights. Melatonin concentrations in the open tank had a mean value of 79.6 ± 7.1 pg ml -1 at MD, which was not statistically different from daytime levels (ML) in both tanks, 48.7 ± 4.3 and 54.8 ± 6.0 pg ml -1 (for opened and covered tank, respectively) ( fig. 1 ). However, in the tank covered with shade netting the melatonin values at night (MD) were significantly higher (133.2 ± 12.8 pg ml -1 ).
In indoor group, the pattern was similar ( fig. 2 ). During both samplings, the animals in the night illuminated tank presented melatonin concentrations significantly lower than those in the covered tank (81.8 ± 14.0 vs 190.6 ± 41.5 pg ml -1 ) and comparable with those in ML in both tanks (48.5 ± 7.2 pg ml -1 for the night illuminated tank and 43.6 ± 9.0 pg ml -1 in the covered tank). Between outdoor and indoor groups, significant statistical differences were found between MD sampling on both covered tanks.
Daily rhythms of plasma melatonin during new moon
During new moon nights in the outdoor group, nocturnal plasma melatonin concentrations were significantly lower in Senegal sole in the open tank than those in the covered tank ( fig. 3 ). This response was repeated in both sampling months. At MD the values were 33.9 ± 5.2 and 126.8 ± 24.2 pg ml -1 and in ML 21.5 ± 3.1 and 27.7 ± 2.7 
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT 11
Experiment 2: Influence of the lunar cycle on vitellogenin and sex steroids rhythms
When the influence of lunar cycle was tested in mature individuals of Senegal sole, sex steroids showed significantly higher levels during the full moon, when compared to a new moon (fig. 4 ). In the case of females, E 2 concentration reduced from 2.4 ± 0.6 to 0.4 ± 0.1 ng ml -1 between full and new moon samplings, while T descended from 0.3 ± 0.0 to 0.2 ± 0.0 ng ml -1 . However, vitellogenin concentrations exhibited no differences between moon phases, with similar values of 2.6 ± 0.7 mg ml -1 during full moon, and 2.7 ± 0.7 mg ml -1 during new moon. In males, the same pattern was observed for the concentrations of sex steroids: 11kt had a plasma concentration of 14.3 ± 2.1 ng ml -1 during full moon and 4.7 ± 0.7 ng ml -1 during new moon and T values were 2.6 ± 0.4 and 1.0 ± 0.1 ng ml -1 for full and new moon, respectively.
Discussion
A clear effect of moon light on plasma melatonin, and sex steroids was found in Senegal sole. In the first experiment, the animals in both outdoor and indoor groups, showed inhibited nocturnal melatonin production during full moon conditions. This (Takemura et al., 2004b; Takemura et al., 2006) . When the fish were exposed to moonlight at midnight of both full and new moon, an immediate and significant decrease in the plasma melatonin levels was produced in both moon phases, when compared with values of fish placed in a covered tank (Takemura et al., 2004b) . Furthermore, cultured pineal organs respond to environmental light cycles as in the whole fish (Takemura et al., 2006) . The sea grass rabbitfish, Siganus cnaliculatus, presented a different lunar melatonin rhythm: during full moon, the concentration of plasma melatonin in fish exposed to natural conditions was significantly lower than those from fish maintained in dark experimental conditions, while in new moon the values were similar. Otherwise, when fish were subjected to artificial illumination during the night, melatonin production was suppressed (Rahman et al., 2004) , like in Senegal sole. The different response to moon light in Senegal sole and the two rabbitfish species mentioned may be due to differences in light sensitivity of the pineal organ or a species-specific response to the lunar cycle.
Senegal sole are strictly nocturnal fish, as they display locomotor activity preferentially during the night (Bayarri et al., 2004a) . The nocturnal lifestyle of Senegal sole may make them particularly sensitive to environmental light at night and prone to show lunar rhythmicity. In fact, a semi-lunar activity pattern in the use of the intertidal mudflats by Senegal sole has been reported (Vinagre et al., 2006) , with a highest average density of Senegal sole occurring during full moon at dawn/dusk. During
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13 quarter and full-moon nights its distribution extended over the lower and upper mudflat, but during the new moon, colonisation was restricted to the lower mudflat.
Sex steroids in Senegal sole appeared to exhibit a lunar rhythm in both females and males, although a possible effect of the natural seasonal oscillation cannot be ruled out. Values of T, E2 and 11KT were significantly higher during full moon than during new moon. As for plasma vtg, however, no differences were observed between full and new moon nights and concentrations were similar to those recorded in this species for the months the sampling took place (Guzmán et al., 2008) . In male forktail rabbitfish, S.
argenteus, and golden rabbitfish, S. gutattus, both T and 11KT appeared to have a clear rhythmic pattern synchronised to the lunar cycle, peaking during full and new moons, respectively. In the case of the golden rabbitfish, the sex steroids peak was followed by a dramatic fall that coincided with spawning during the first lunar quarter (Rahman et al., 2000b; 2003) . A similar pattern can be observed in Senegal sole, since daily and lunar spawning rhythms have been recently observed in this species, with a higher incidence of spawning events during the early hours of the last quarter and new moon nights (Oliveira et al. 2009b ). Therefore, it should not be surprising that this species presented also lunar rhythmicity in sex steroids. The synchronization of Senegal sole spawning and sex steroids rhythms to the lunar cycle could be related either to the moonlight cycle or to the gravitational effects, since these are the two different pathways of interaction between moon and earth, and the second one should not be discarded. These findings strongly suggest that Senegal sole is able to synchronise reproduction to the lunar cycle, thus spawning can be directed towards the darkest nights to avoid predators and ensure maximal survival of the offspring. Indeed, reproduction should not be considered an exclusively seasonal phenomenon, since
14 female Senegal sole exhibited daily rhythms of sex steroids, in addition to seasonal rhythmicity (Oliveira et al., 2009a) .
Tropical fish live in a relative stable environment with little photoperiod and temperature changes throughout the year, so they are thought to use lunar cues to synchronize many biological and physiological processes (Rahman et al., 2000a; Takemura et al., 2004b) . Our results, however, showed lunar rhythms in a teleost from temperate zones, so the influence of the lunar cycles should not be put aside in these regions. In fact, lunar spawning rhythms have been registered in other species such as gilthead sea bream, which preferred the full moon to spawn (Saavedra and Pousão-Ferreira, 2006) .
Conclusion
This research provides new insights into the effects of the moon light in the phototransduction and reproductive hormones of Senegal sole. The natural light from the full moon inhibited the nocturnal production of melatonin, which was also affected by ambient light during new moon in the open tank, attributing to this species a capacity to detect very low levels of illumination. Furthermore, the lunar cycle also seems to influence sex steroids levels in males and females, which remained elevated during a full moon and significantly lower during a new moon. As for vitellogenin, no influence could be detected. This influence could be related to moonlight cycle or gravitational 
